A fast, convenient and sensitive method of capillary zone electrophoresis (CZE) and indirect UV detection was proposed for the determination of 16 amino acids. p-Aminobenzoic acid (PAB) was selected as a background electrolyte (BGE). An isolated cell included a BGE buffer part and an electrode buffer one, which were jointed with a glass frit. The isolated cell can prevent PAB from the electrode reaction and improve the stability of the detection baseline. The separation conditions of amino acids were investigated, such as different BGEs, BGE concentration, buffer pH and electroosmotic flow (EOF) modifiers. Under the selected separation conditions, 14 amino acid peaks could be separated in 12 min. The detection limits of the amino acids were in the range of 1.7 -4.5 μmol/L. The isolated cell is suitable for reagents reacting on the electrodes in capillary electrophoresis. The proposed method has been successfully applied to the determination of the amino acids in tobacco samples.
Introduction
Because amino acids are the fundamental components of proteins and peptides, their determination can provide important information for proteomics and metabolomics studies in life science. Amino acids can be determined by an amino acid analyzer, 1 high-performance liquid chromatography (HPLC), 2 gas chromatography (GC) 3, 4 and capillary electrophoresis (CE). 5, 6 CE has been employed in the determination of amino acids because of its high separation efficiency, low sample consumption and fast analysis velocity. Since most amino acids have insufficient UV absorbance and no fluorescence, their spectrometric methods, such as UV-Vis absorbance, 5, 6 fluorescence (FL) and laser-induced fluorescence (LIF), [7] [8] [9] are mainly based on pre-or post-column derivation. The derived amino acids can improve the detection sensitivity, but the deriving operations are troublesome and time-consuming. Other detection methods for amino acids were also reported, such as chemiluminescence (CL), 10 nuclear magnetic resonance (NMR) 11 and mass spectrometry (MS). 12 However, these methods also have limitations concerning reagent introduction, detection sensitivity and instrument cost, respectively.
Capillary zone electrophoresis with indirect UV detection (CZE-in-UV) is a fast and convenient method. Because commercial CE analyzers are commonly equipped with a UVVis detector and various background electrolytes (BGEs) are available, CZE-in-UV can be employed in the determination of extensive analytes, including anions, cations, organic acids and bases. CZE-in-UV has also been employed in the separation of amino acids. [13] [14] [15] [16] [17] Lee et al. reported that p-aminosalicylic acid (PAS) and 4-(N,N-dimethylamino) benzoic acid were adopted as BGEs for the separation of 20 amino acids by CZE-in-UV. 14, 15 However, its separation time required 40 min. Lee also investigated p-aminobenzoic acid (PAB) as the BGE, and satisfactory separation of amino acids was achieved, but PAB could not be adopted because of its instability in alkaline solution under a high voltage. Soga et al. reported on simultaneous determinations of inorganic anions, organic acids, amino acids and carbohydrates by CZE-in-UV, using 2,6-pyridine dicarboxylic acid (PDC) as the BGE. However, the detection limits of amino acids were rather high, in the range of 6 -12 mg/L. 16 The separation of amino acids in non-aqueous solution with the BGE of dimethylbenzylamine was carried out and the detection limits were in the range of 2 -40 μmol/L by CZE-in-UV.
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In addition, the determination of amino acids was also reported by CZE-indirect fluorescence (CZE-in-FL). 18, 19 The aim of this work is to propose a fast, convenient and sensitive CZE-in-UV adapted to the reagents reacting on electrodes. The molar absorptivity and effective mobility of four chromophores were investigated, including benzonic acid, salicylic acid, PAB and PDC. PAB was chosen as the BGE in this work for its high absorbance from 200 to 350 nm and its effective mobility close to the average value of the amino acids. However, PAB was also found to be unstable under high voltage. As a consequence, the color of the BGE solution changed to yellow after one separation, and the detection baseline deteriorated. By using an isolated cell, 20 the PAB reaction on the electrode was eliminated and the baseline stability was improved. The working time of the BGE buffer solution can be prolonged. With the proposed method, the amino acids in cigarette samples were successfully determined. A homemade isolated cell was used as a cathodic reservoir. The cell included a BGE buffer part filled with the BGE buffer solution and an electrode part filled with the electrode buffer solution, in which the electric current was conducted through a glass frit fixed by epoxy glue.
Experimental

Apparatus
Chemicals
All of the reagents were of analytical grade. Trimethyl-(tetradecyl)ammonium bromide (TTAB) was purchased from Sigma (St. Louis, MO, USA) and PDC was obtained from Alfa Aesar (Ward Hill, MA, USA). Cetyltrimethylammonium bromide (CTAB), PAB and other chemicals were purchased from Chem. Reagent Co. (Shanghai). All aqueous solutions were prepared with tri-distilled water (SZ-3 tri-distilled water system, Huxi Anal. Instr. Factory, Shanghai).
Individual stock solutions of 1.0 mmol/L tyrosine, cysteine and asparagine, and 4.0 mmol/L of other amino acids were prepared. Five concentration levels of mixed standard solutions were prepared in the range of 0.020 -0.60 mmol/L by diluting the stock solutions with tri-distilled water. The BGE buffer solution (pH 11.2, 10 mmol/L PAB and 0.014 mmol/L CTAB) was prepared from stock solutions of 50 mmol/L PAB and 0.5 mmol/L CTAB daily. The electrode buffer solution (pH 11.2, 10 mmol/L NaHCO3) had its pH value adjusted with 1.0 mol/L NaOH.
Electrophoresis procedure
The separation capillary was washed every day in the order of 1.0 mol/L HCl (5 min), H2O (1 min), 1.0 mol/L NaOH (15 min), H2O (1 min) and the BGE buffer solution (15 min) by pressure. Between CZE runs, the capillary was flushed by the BGE buffer solution for 2 min. The sample solution was introduced by the hydrodynamic injection under an 8 cm height difference for 15 s. The working voltage of CZE separation was -15 kV.
Effective mobility determination
The mobilities of the chromophores and amino acids were determined in a pH 10. where μe is the effective mobility; l and L are the effective and total length of the capillary, respectively; V is the applied voltage; ta is the migration time of each component and tEOF is the migration time of the EOF marker.
Sample preparation
Cigarette samples were dried in a drying oven at 60˚C for 4 h, cooled to room temperature, ground into a powder and sieved with an 80 mesh sifter. After a 1.000 g sample of the powder was weighed with a 50 mL conical flask, 20 mL of 80% (v/v) ethanol was added and shaken with the sample, and then the amino acids in cigarette samples were extracted with an ultrasonic cleaner for 15 min. After being filtered with a 0.22 μm nylon membrane, the treated solution was passed through a 12 cm × 1.5 cm i.d. ion-exchange column packed with 732 cation resin at a flow rate of 0.7 mL/min. Then, 50 mL of tridistilled water was used to wash the soluble saccharide and pigments from the column and 95 mL of 4 mol/L ammonium hydroxide was adopted to elute the amino acids. The eluent was evaporated by a rotary vacuum evaporator at 60˚C. 21 The treated sample was dissolved in 4.0 mL of tri-distilled water and stored in a refrigerator.
Results and Discussion
General consideration for BGE selection
An appropriate BGE needs to be selected for CZE-in-UV. The chromophore of BGE should have a high molar absorptivity to achieve a high detection sensitivity and a suitable mobility to reduce the electric dispersion of the analyte peaks in CZE-in-UV. The molar absorptivity of benzoic acid, salicylic acid, PAB and PDC are listed in Table 1 . It can be seen that the molar absorptivity of PAB is the highest among the chromophores. To improve the leading and tailing edges of the analyte peaks, the effective mobility of the chromophore had better be close to the average mobility of the amino acids. The effective mobilities of amino acids and chromophores are illustrated in Fig. 1 , which were determined and calculated as described in the section of Effective mobility determination.
The experimental results show that PAB has an appropriate mobility to match the average mobility of amino acids. Thus, PAB was selected as the BGE of CZE-in-UV for the amino acid analysis conducted in this work. Although PAB is an adaptable BGE for the indirect detection of amino acids, it is also an unstable compound in the electrode reaction, which makes the color of the BGE buffer solution change to yellow, as reported by Lee et al. 14 and can deteriorate the detection baseline. An isolated cell (20 mm o.d. × 41 mm) was employed, as shown in Fig. 2; viz., the separation capillary was inserted into the BGE part filled with the BGE buffer solution and the electrode was placed in the electrode part filled with NaHCO3 buffer solution. The two parts were conducted with a small piece of glass frit fixed by epoxy glue. The isolated cell could not only separate PAB from the electrode to avoid the PAB reaction on the electrode, but could also provide the current path between two cell parts. Thus, the stability of PAB can be improved. Furthermore, the detection baseline and detection limit of CZE-in-UV can be ameliorated. Comparisons of the detection baselines with an ordinary buffer vial and the isolated cell are presented in Fig. 3 . For indirect detection, the dynamic reserve (DR) is an important factor concerning the detection sensitivity. 19 The DR values of the electropherograms are 2.35 × 10 2 ( Fig. 3a ) and 1.19 × 10 3 (Fig. 3b) , respectively. Thus, the detection limit was improved with the isolated cell.
Selection of CZE-in-UV conditions
The BGE concentrations were investigated from 2.5 to 20 mmol/L containing 0.014 mmol/L CTAB while maintaining the pH value at 11.2. If the PAB concentration was less than 5 mmol/L, the linear concentration range of the indirect detection decreased. Contrarily, if the PAB concentration was higher than 20 mmol/L, the baseline noise increased, and the detection limit and peak shape of the analytes deteriorated. Then, 10 mmol/L PAB was chosen after a compromise between the linear concentration range and the baseline noise.
Amino acids are amphoteric compounds and their isoelectric points (pI) range from 2.98 to 10.76. In this work, 16 amino acid anions were separated in the pH range from 10.8 to 11.6. The effect of the pH on the mobilities of the amino acids is shown in Fig. 4 . It can be found that the peaks of Thr and Ala overlap at pH 10.8; those of Gln/Met and Val, Phe and Leu overlap at pH 11.4; and those of Ser and Thr, Gln/Met and Val overlap at pH 11.6. In this work, pH 11.2 was chosen for the BGE buffer solution, because the resolution of amino acids at pH 11.2 was the best in the pH range.
In a fused-silica capillary, EOF generally runs towards the cathode. However, the electrophoretic direction of negatively charged amino acids is opposite in an alkaline buffer solution. To increase the separation velocity, a cationic surfactant as an EOF modifier was added into the BGE buffer solution to obtain a reversed EOF. CTAB and TTAB were investigated in this work. It could be found that the length of the straight alkyl chain and the concentration of the EOF modifiers affect the EOF in the capillary. CTAB provides a stronger reversed effect than does TTAB under the same concentration due to its longer straight alkyl chain, but no other difference in the separation was observed. In the present work, CTAB was selected as the EOF modifier. The EOF direction of the fused-silica capillary was reversed with the CTAB concentration being higher than 0.005 mmol/L and the EOF rate being increased with an 885 ANALYTICAL SCIENCES JUNE 2006, VOL. 22 Other conditions are the same as in Fig. 3(b) .
increase of the CTAB concentration. If the concentration was higher than 0.014 mmol/L, the resolution of the amino acids decreased. Therefore, 0.014 mmol/L CTAB was selected as the EOF modifier. An electropherogram of 16 amino acids under the selected conditions is illustrated in Fig. 5 .
Analytical characteristics and sample analysis
The reproducibility, linearity and sensitivity of the proposed CZE-in-UV method are listed in Table 2 . The relative standard deviation (RSD) of the peak height for 14 amino acids was less than 6.0%, obtained by 5 individual separations. It also manifests that the stability of PAB was improved by using an isolated cell. The linear regression equations of 14 amino acids were in the concentration range of 0.020 -0.60 mmol/L with correlative coefficients better than 0.994. The detection limits of 14 amino acids were in the range of 1.7 -4.5 μmol/L with a 3-times signal-to-noise ratio.
A qualitative analysis of free amino acids was carried out by standard addition, and the quantitative determination of the amino acids in 6 cigarette samples was performed with an external standard calibration in this work. For extracting amino acids from cigarette samples, 0.1 mol/L HCl or 80% (v/v) ethanol could be adopted. However, it could be found that the filtration time of the sample solution extracted by 80% (v/v) ethanol was only several minutes, much faster than that with 0.1 mol/L HCl. Hence, 80% (v/v) ethanol was used in the extraction. Purification of the sample matrixes was performed with a 12 cm × 1.5 cm i.d. ion-exchange column filled with a cation resin. A typical electropherogram of amino acids in a cigarette sample is illustrated in Fig. 6 . Although there exist some unknown component peaks, a well-defined electropherogram can be obtained. The concentrations and recoveries of the amino acids in six cigarette samples are listed in Table 3 . The concentration of Pro was the highest one, and 11 free amino acids were determined in 6 cigarette samples. Other amino acids were lower than their limits of quantification. The recoveries of the amino acids were in the range of 83.6 -109%.
Conclusions
An improved CZE-in-UV method for the determination of amino acids was proposed by using the isolated cell for unstable PAB as the BGE. The isolated cell could prevent PAB from the electrode reaction and improve the stability of the detection baseline. The method possessed some advantages of simplicity, sensitivity and analysis velocity. Further, 14 analyte peaks could be separated from 16 amino acids in 12 min. The detection limits of the amino acids with PAB were in the range of 1.7 -4.5 μmol/L, better than those of PAS by comparing the electropherograms in Ref. 14. The proposed method has been successfully used in the determination of amino acids in cigarette samples. The experimental conditions were the same as in Fig. 3(b) . 1, Asp; 2, Glu; 3, Cys; 4, Tyr; 5, Gly; 6, Ser; 7, Thr; 8, Ala; 9, Gln/Met; 10, Val; 11, Phe; 12, Leu; 13, Trp; 14, Pro; 15, Lys. Fig. 6 Electropherogram of amino acids in cigarette sample. The experimental conditions were the same as in Fig. 3(b) 
